Abstract.-A new type of ferredoxin was isolated from Azotobacter vinelandii cells. The protein was able to replace the native chloroplast ferredoxin in the photoreduction of nicotinamide adenine dinucleotide phosphate (NADP) and functioned as a reductant for the Azotobacter nitrogenase.
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We have recently reported experiments in which a method for coupling the reducing power generated by illuminated spinach chloroplasts was applied to nitrogen fixation activity' of the nonphotosynthetic, aerobic bacterium, Azotobacter vinelandii.2 These experiments led to the identification of a flavoprotein, named azotoflavin, which became the first known electron carrier native to Azotobacter cells that could transfer electrons directly to the nitrogenase system of that organism. Further experiments linking the photochemically generated reducing power of chloroplasts to the Azotobacter nitrogenase system have now led to the discovery in A. vinelandii cells of a new type of ferredoxin, which can also mediate the transfer of electrons between illuminated chloroplasts and the Azotobacter nitrogenase system.
Ferredoxin is known to be the endogenous reductant for the nitrogenase system of the obligate anaerobe Clostridium pasteurianum.3' 4 However, no ferredoxin had been found previously in any aerobic bacterium, including Azotobacter The dialyzed eluate was concentrated and then chromatographed on a DEAE-cellulose column (6 X 75 cm) prepared as before. The column was treated first with 600 ml 0.15 M NaCl-0.02 M HEPES buffer, pH 7.2, and next with the same volume of buffer containing 0.35 M NaCl. This last step separated azotoflavin from ferredoxin on the column. The two were finally eluted with the same buffer containing 0.5 M NaCl. The Azotobacter ferredoxin fractions from the column were combined and concentrated to a volume of 5 ml with a Diaflo ultrafiltration cell (Amicon Corp.) under 50 psi nitrogen gas. (Substances with a molecular weight less than 10,000 passed through the filtration cell.) The Azotobacter ferredoxin was then chromatographed on Sephadex G-75 (medium) with 0.02 M HEPES buffer, pH 7.2.
The purification steps were monitored by testing the purity of various preparations by the acrylamide gel electrophoresis method of Davis.'4 The final Azotobacter ferredoxin preparation from the Sephadex G-75 column showed only one band on the acrylamide gel.
Assays for Azotobacter ferredoxin: The effectiveness of Azotobacter ferredoxin as an electron carrier was measured by its ability to mediate electron transfer between illuminated spinach chloroplast fragments and Azotobacter nitrogenase, as described by Yoch and Arnon.' This procedure also served as an assay for Azotobacter ferredoxin activity. The activity of Azotobacter ferredoxin was also measured by its ability to mediate the photochemical reduction of NADP as described by McSwain and Arnon."5 Amino acid composition: The amino acid composition of Azotobacter ferredoxin was determined by the methods used earlier by Matsubara et al."6 1' Results and Discussion.-Ferredoxin properties of the Azotobacter protein: As was discussed elsewhere,5 6 a current definition of ferredoxin is based on several properties shared by all the ferredoxins that have been isolated so far. Aside from nonheme iron and equivalent labile sulfur, which characterize all ironsulfur proteins, the properties which now set ferredoxins apart as a special class of electron carriers within this larger group of proteins include a low molecular weight, a characteristic composition and sequence of amino acids, a reducing potential close to that of hydrogen gas and the fact that they are, at least in part, functionally interchangeable in the photoreduction of NADP by isolated chloroplasts. The last-mentioned property is provisionally a useful test in identifying ferredoxins. All ferredoxins identified so far exhibit this property. By contrast, the replaceability of different ferredoxins in other enzymic reactions is less consistent. It is to be noted that the definition of ferredoxin on the basis of these properties is tentative, pending the isolation of a common prosthetic group that might or might not distinguish ferredoxins from other iron-sulfur proteins.
Although the evidence that the Azotobacter protein meets all these criteria is not yet complete, it is, in our judgment, substantial enough to warrant calling it a and its other distinctive properties were deemed to warrant its designation as a new type of ferredoxin.
Unlike azotoflavin,2 18 Azotobacter ferredoxin is able to replace the native spinach chloroplast ferredoxin in the photoreduction of NADP (Fig. 1) . As previously mentioned, this ability to transfer electrons to ferredoxin-NADP reductasel9 characterizes all known ferredoxins. Moreover, pending actual measurement of its oxidation-reduction potential, the ability of Azotobacter ferredoxin to mediate electron transfer to NADP (E'o = -320 mv) is a significant indication of its strong reducing power, similar to that of other ferredoxins. 20 In the clostridial phosphoroclastic reaction,2 Azotobacter ferredoxin is not an effective substitute for C. pasteurianum ferredoxin. Its limited effectiveness there is about equal to that of spinach ferredoxin. The absorption spectrum of the brown Azotobacter ferredoxin in its oxidized and reduced states is shown in Figure 2 . The spectrum of the oxidized protein shows no well-defined absorption peaks (Fig. 2, trace 1 ). There are, however, two shoulders, one at 320-335 mju and the second, more pronounced, at 375-415 miA. These spectral characteristics are distinctly different from those of clostridial and chloroplast ferredoxins and again suggest a new type.
Reduction of Azotobacter ferredoxin was accomplished anaerobically with a small excess (threefold) of sodium dithionite and was complete at 5 min. In agreement with the spectral changes in other ferredoxins, reduction decreased the absorption in the visible region (Fig. 2, trace 2) ; but the decrease was appreciably less than that observed with other ferredoxins at comparable concentrations. Reoxidation of the reduced Azotobacter ferredoxin by oxygen is shown in the insert of Figure 2 . Reoxidation was over 50 per cent complete after one min of exposure to oxygen (Fig. 2, trace 3) . Further reoxidation proceeded slowly and was complete in one hour (Fig. 2, traces 4 and 5) . clostridial and chloroplast type ferredoxins.20 In its sluggish reoxidation by oxygen, Azotobacter ferredoxin resembles azotoflavin, which is even more resistant to reoxidation by oxygen. The resistance of these electron carriers from Azotobacter vinelandii to reoxidation by oxygen may reflect an adaptation to conserve, in an aerobic environment, the strong reducing power needed for nitrogen fixation.
Electron donor for nitrogenase: Figure 3 shows the separation of Azotobacter ferredoxin from azotoflavin by DEAE-cellulose chromatography. Although the cell extract contained azotoflavin in higher concentrations, its specific and total activity was much lower than that of Azotobacter ferredoxin in the coupled chloroplast-nitrogenase assay described by Yoch and Arnon.' Other iron-sulfur proteins have been isolated from A. vinelandii by Shethna et al.12 13 which exhibit absorption spectra and electron paramagnetic resonance spectra resembling those of ferredoxin. However, these had no activity in either the nitrogenase system or in replacing chloroplast ferredoxin in the photoreduction of NADP. No connection between these proteins and Azotobacter ferredoxin has been found. The purification of Azotobacter ferredoxin is summarized in Table 3 .
A comparison of the effectiveness of Azotobacter ferredoxin and azotoflavin for nitrogenase activity is shown in Figure 4 . On the molar basis, the specific ac- tivity of Azotobacter ferredoxin was over six times higher than that of azotoflavin.
Each of these two electron carriers, when reduced by illuminated chloroplasts, supported nitrogen fixation independently of the other. When Azotobacter ferredoxin and azotoflavin were added together, only additive effects on nitrogenase activity were observed. Nevertheless, these findings do not exclude the possibility that within the Azotobacter cell, where mechanisms other than illuminated chloroplasts provide the strong reducing power needed for nitrogen fixation, * Activity of each preparation was measured by its effectiveness in replacing native chloroplast ferredoxin in the reduction of NaDP by illuminated spinach chloroplasts. 1 unit = 1 mymole NADP photoreduced/min. t The dialyzed butanol extract gave Ito measurable activity, presumably because of the sensitivity of the chloroplast system to remaining traces of n-butanol. azotoflavin and Azotobacter ferredoxin may have interrelated functions in electron transport. This possibility is now being investigated.
